Introduction
Pitch is one of the important cues to segregate or fuse multiple simultaneous frequency components to sound sources [1] . For example, if the fundamental frequencies of two sound sources are identical, a single pitch corresponding to that frequency is perceived indicating that frequency components of the two sources fused. It is, however, reported that the pitch was perceived to be higher by an octave if the temporal relationship of the two sounds satisfied a specific condition. When two pulse trains having the identical period is presented with a delay which is nearly a half, or a quarter of the period of the pulse train, the pitch is likely judged an octave higher than the original [2, 3] . In other words, two pulse trains having the same fundamental frequency were fused as single sound that had a different pitch from the original when they were presented in parallel.
As a daily experience, however, even if two musical instruments play at the same pitch, it is not perceived as if one instrument was playing a note higher by an octave. One of the possible reasons might be that acoustic signals from two sound sources rarely come from exactly the same azimuth angle. There are interaural level differences (ILD) and interaural time differences (ITD) in sounds arriving from different sound sources. By giving the interaural difference to two pulse trains so that localized at different locations, there is a possibility that the perception of octave-shift and segregation/fusion of the sound source will change.
In this study, the effect of the interaural differences, i.e., ILDs or ITDs on the perception of the octave-shift was examined for stimuli obtained by the summation of two identical pulse trains with various asynchronies.
Experiment
The experimental conditions were designed to simulate situations where a secondary source started sounding in the middle of the original sound (See Fig. 1 ). Both of the original and secondary sounds were a pulse train whose periodicity was 5 ms. The addition of the original and the secondary sounds was controlled by two factors, i.e., (a) relative phase difference, and (b) virtual location. The relative phase difference specified a fine, temporal gap between each pulse of the original and secondary pulse trains. In terms of the relative phase of the original period, it had three conditions, i.e., (1) 0% (synchronous), (2) 25%, and (3) 50%. The virtual location of the original sounds had three conditions: (1) ''center'' with no interaural difference (NID), (2) shifted to ''left'' and ''right,'' respectively by introducing 4 dB ILD, or (3) shifted to ''left'' and ''right,'' respectively by introducing 0.32 ms ITD. The virtual location of the secondary sounds was identical to the original sounds with no interaural difference in the NID condition, but opposite in the ILD and ITD conditions. In addition, the time interval between start of the original sounds and that of the secondary sounds was also controlled; this factor was called (c) precursors. It had two conditions, i.e., (1) 380 ms time interval (with-precursors) or (2) no time interval (without-precursors). The segment where both the original and secondary sounds coexisted was referred as a target segment.
To compare with the pitch of the target segment, a 200 Hz pure tone which had 400 ms duration was used as a reference. The original sounds started 800 ms after the reference tone. The duration of the target segment was approximately 400 ms. Each of the stimuli was gated on and off with 50 ms linear ramps. Sound pressure level was 57.3 dB for the reference pure tone and 51.8 dB for the target segment in the average. Seven listeners were participated in this experiment. Each listener, sitting in the soundproof room, compared the pitch of the reference pure tone and the target segment, and then estimated whether the pitch of the target segment shifted by an octave in five grades from one (''not changed'') to five (''shifted upwards by an octave''). They were allowed to listen the reference and the experimental stimulus as many as he/ she needed.
Results
The effect of the precursors factor appeared relatively small, although the average of the with-precursors condition was higher than the without-precursor conditions, only in the case of relative phase difference of 50%. Therefore, in Fig. 2 , by pooling the precursor factor, the average scores of the estimation of octave-shift were plotted as a function of the relative phase difference with the virtual location factor as a parameter, i.e., the NID, ILD, and ITD conditions. In general, the average was highest in the 50% relative phase difference condition, being low in the 25% and 0% relative difference Ã e-mail: s17904@st.kcua.ac.jp y e-mail: minoru.tsuzaki@kcua.ac.jp conditions. As for the case of the 50% relative phase difference condition, the average of the NID condition was close to 5 (the maximum). The averages of the ILD and ITD conditions were lower than that of the NID condition. In comparison to the NID condition, the scores of the ITD condition were more lowered than those of the ILD condition. In the case of the 25% relative phase difference condition, the average was lower than 2 in all the conditions of the virtual location factor. This value was the lower of the 5 grades, but relatively higher when compared with the 0% relative phase difference condition. In addition, the average of the ITD condition was 1.37 and relatively lower than the ILD and NID conditions where the averages were higher than 1.5. In the case of the 0% relative phase difference condition, the average values were close to 1 (the minimum) in any virtual location factor.
Discussion
Considering the high estimation value of the 50% relative phase difference condition, it is assumed that octave-shift occurred. In the NID condition, the target segment presented two ears was pulse train that had half period of 5 ms (400 Hz), therefore this stimulus might be perceived an octave higher. However, the estimation score was lower for the condition that the two pulse trains have interaural difference. Assuming that octave-shift might occur when two pulse trains whose phases are shifted by a half period were fused, it is suggested that interaural difference makes the original and secondary pulse trains to be segregated. However, the tendency of the octave-shift appeared weaker when the interaural time difference was introduced in the temporal domain than when it was done in the level domain. Although the amplitude of target tone in the ITD condition was different from in the NID condition, the inter-pulse intervals was kept at 2.5 ms period as same as in the NID condition. On the other hand, the period was deviated from 2.5 ms in the ITD condition. It seems that the broken addition of a certain ''irregularity'' in the time structure (which can be assumed to be important for definite the pitch perception) might disturb the octave-shift phenomenon. Acoust. Sci. & Tech. 41, 1 (2020)
